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The  processing,  microstructure,  and  material  properties  of  monolithic  Si3N4 were  investigated  by  using
two  amorphous  Si3N4 nanopowders  doped  with  (1)  6 wt%  Y2O3 and  (2)  6  wt%  Y2O3 + 8 wt%  Al2O3. The
orthorhombic  Si2N2O-based  phase  was  found  in  the two  as-sintered  bulks.  Carbothermal  reduction  treat-
ment  (CRT)  was  thus  applied  at  1400 ◦C for 10 h  with  3  wt%  and  6 wt%  carbon  black  added  to the  precursorvailable online 14 October 2014
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powders  of  the  Si–Y–O–N and  Si–Y–Al–O–N  systems,  respectively,  resulting  in  an  increased  nitrogen-
to-oxygen  (N:O)  ratio  and  elimination  of  Si2N2O  within  the  sintered  bulks.  The  possible  mechanisms
of  nucleation  and grain  growth  of Si3N4 are  discussed  during  CRT  and  the  sintering  process.  The  best
wear  resistance  was  achieved  in ultraﬁne  Si3N4 doped  with  Y2O3, which  has good  hardness,  indentation
toughness  and  a protective  tribo-ﬁlm.
ic  Soear resistance © 2014  The  Ceram
. Introduction
Monolithic Si3N4-based materials are reliable structural ceram-
cs that are widely used for a variety of wear resistant applications
ue to their excellent mechanical properties, chemical stability,
nd good thermal conductivity at ambient and elevated tem-
eratures. In general, coarse-grained Si3N4 with controlled grain
oundary chemistry can achieve superior strength and wear per-
ormance at room and elevated temperatures [1,2]. On the other
and, high wear resistance of ultraﬁne-grained Si3N4 is achieved
hrough enhancing the tribo-chemical reaction on the contacting
urfaces rather than increasing the cracking resistance of materials
3,4]. It is thus essential to understand what the process and wear∗ Corresponding author at: Department of Materials Science and Engineering,
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behavior of Si3N4 are at different length scales, so that one can
engineer these ceramics with designed microstructures.
The processing of advanced engineering ceramics at the ultra-
ﬁne or nanosized grain scale has seen impressive developments in
the past decade [5], including the development of Si3N4 nanoce-
ramics. Nanosized powder precursors and a rapid heating process
are applied to suppress their grain growth of Si3N4 nanoce-
ramics. Mitomo et al. [6], and Xu et al. [7] adopted centrifugal
sedimentation and high energy ball milling to obtain -Si3N4
nanopowder precursors from micro-sized powders, respectively.
Another approach to obtaining nanopowder precursors is to use
amorphous Si3N4 matrix powder with a controllable Y2O3/Al2O3
ratio as sintering additives. Unfortunately, Si3N4 nanopowder with
a particle size of 18–30 nm usually contains 5.8 wt% silica, due to
surface oxidation in air [8]. Therefore, large amounts of Si2N2O may
be generated in the as-sintered materials. Two methods have been
applied to cope with this problem: (1) Herrmann et al. [9] calcinated
amorphous nanopowders doped with 6 wt% Y2O3 and 8 wt% Al2O3
and fabricated ultraﬁne-grained Si3N4 with improved mechanical
performance; (2) carbothermal reduction was applied by Kim et al.
[3] to reduce the inherent oxygen of the Si3N4 nanopowder doped
with 6 wt%  Y2O3 and 8 wt% Al2O3, resulting in successful fabrication
tion and hosting by Elsevier B.V. All rights reserved.
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f Si3N4 nanoceramic by spark plasma sintering. In these cases, the
ear resistance of the resulting nanostructured Si3N4 is enhanced,
robably due to increased hardness or less damage by wear debris
3,4]. In order to reveal the process and wear behavior of ultraﬁne-
rained Si3N4, issues that are rarely reported in the literature
ut are of fundamental importance, this study used amorphous
i3N4 nanopowders, doped with (1) 6 wt% Y2O3 and (2) 6 wt%
2O3 + 8 wt% Al2O3, as the starting materials. These two  nanopow-
ers are commercially available, and thus suitable for industrial
pplications in the future. As a high amount of SiO2 was expected
o form on the matrix of the nanopowders [8], nanosized carbon
lack was added as one of the reagents for the reaction of the carbo-
hermal reduction treatment (CRT). It is expected that the effect of
arbon black is similar to that of resin or other carbon resources.
RT proceeds according to the following reaction [10]:
SiO2(s) + 6C(s) + 2N2(g) → Si3N4(s) + 6CO(g) (1)
 suitable calcination temperature for CRT is 1400 ◦C, as this leads to
he production of pure Si3N4, without the formation of any unde-
ired SiC [10]. A relatively low sintering temperature of 1700 ◦C
as chosen for spark plasma sintering, as this meant that the com-
acts could be densiﬁed and their grain size would most likely stay
elow 200 nm [11]. An even lower sintering temperature of 1600 ◦C
s not recommended because samples with a lower amount of sin-
ering aids cannot be fully densiﬁed at this temperature. The results
f this work show that with appropriate control of the mixture
f Si3N4, sintering additives and carbon nanopowders, it is pos-
ible to obtain monolithic Si3N4 containing Y2O3 with improved
echanical performance at room temperature.
. Experimental procedure
Two customized Si3N4 nanopowders doped with (1) 6 wt% Y2O3
nd (2) 6 wt%  Y2O3 and 8 wt% Al2O3 (Plasma & Ceramic Technolo-
ies Ltd., 34, Miera iela, LV-2169, Salaspils, Latvia) with a particle
ize of 15–30 nm were used as starting materials in the present
ork. Nanosized carbon black with a size of about 15–30 nm was
sed as one of the sources of CRT. Table 1 shows 10 different compo-
itions designated by the nominal amount and type of doped oxides
nd carbon black. The nanopowder mixture containing Si3N4 and
arbon black was blended by high energy ball milling (SPEX 8000M,
PEC SamplePrep LLC, Metuchen, New Jersey, USA) for 30 min  in
thanol. After drying, the powder mixtures were calcinated at
400 ◦C for 10 h with a N2 ﬂow of 200 sccm in a tube furnace for
he CRT process. They were then cold iso-statically pressed into
ound ingots at a pressure of 200 MPa, crushed and then passed
hrough a #100 sieve for granulation. Approximately 1.7 g of each
anopowder was loaded into a graphite mold with an inner diam-
ter of 15 mm.  After the chamber was evacuated to a pressure of
0 Pa, the sample was heated to 1700 ◦C for 3 min  with a heating
ate of 100 ◦C/min under a uniaxial pressure of 25 MPa  by SPS (SPS-
15S, Sumitomo Coal Mining, Kawasaki, Japan). A 12 ms-on and
 ms-off pulse sequence was used.
The apparent densities of sintering specimens were measured
y the Archimedes principle. The open porosity was measured by
he ﬂuid saturation method in deionized water. Phases were identi-
ed with an X-ray powder diffractometer (XRD; Model D-MAX/II B,
igaku, Tokyo, Japan). Samples were scanned from 15◦ to 80◦ with a
canning rate of 4◦/min. To calculate the -Si3N4 ratio in the matrix,
he volume fractions of -Si3N4 were evaluated according to the
ethod provided by Gazzara and Messier [12] and Park et al. [13]or the -Si3N4/-Si3N4 and -Si3N4/Si2N2O phases, respectively.
he samples for microstructural observation by scanning electron
icroscopy (FESEM, Auriga, Carl Zeiss, Germany) were ground and
hen polished by the standard diamond polishing technique, withmic Societies 3 (2015) 6–12 7
the ﬁnal surface ﬁnish being achieved with 1 m diamond particles.
Typical microstructures were revealed by plasma etching (OMNI-
RIE, Tainan, Taiwan). A conductive Au ﬁlm was coated on the etched
surface of Si3N4. The cross-sectional samples were prepared with a
focused ion beam (FIB, SEIKO, SMI3050, Japan). The compositional
analysis was  carried out with an electron probe X-ray microan-
alyzer (EPMA; Model JXA-8800F, JEOL, Tokyo, Japan). The length
and area of each grain for selected samples were measured for
over 1000 grains with an image analyzer using software (Sigmascan
Pro 8.0, Systat Software Inc., San Jose, CA, USA). The average grain
size was calculated following the statistical derivation proposed by
Woetting et al. [14]. The structure, orientation, and compositional
analyses at the nanoscale were examined using a transmission elec-
tron microscope (FEG-TEM, Tecnai G2 F20, Philips, Eindhoven, the
Netherlands) operated at 200 kV.
Hardness was measured with a Vickers hardness tester (AKASHI
AVKA, Akashi Seisakusho Ltd., Japan) by applying a micro-hardness
indent at 196 N for 15 s. Fracture toughness was measured by the
Vickers surface indentation technique [15]. Each data point for
hardness and indentation toughness was measured at least ﬁve
times. Wear tests were carried out with a pin-on-disk tribometer
(TRB, CSM, Switzerland). Specimens were held in a self-centering
chuck and rotated with a constant normal load of 5 N applied
6.5 mm from the axis of rotation; the total sliding distance for a
typical test was therefore about 400 m at a linear speed of 0.1 m/s.
A Si3N4 sphere with a diameter of 5 mm was used as a counterbody.
The width and depth of the wear tracks were observed with a 3D
proﬁlometer (ADE Corporation, Massachusetts, USA). The wear
rate was then calculated according to the method presented in
Kim et al. [3].
3. Results and discussion
3.1. Compositional modiﬁcation by CRT
The apparent density and open porosity of the sintered bulks
are shown in Table 1. Except for SN(6Y0A5C), the apparent density
increases along with the carbon content, and the open porosities are
all below 1%, suggesting that all of the samples are nearly fully den-
siﬁed. The XRD patterns of SPS sintered Si3N4 bulks with different
compositions of additives are shown in Fig. 1. Their corresponding
-Si3N4 ratios are shown in the last column of Table 1. It is appar-
ent that a large fraction of the Si2N2O phases disappear when the
composition is modiﬁed by CRT. Fig. 2(a) and (b) shows the change
in chemical composition for the sintered bulks belonging to the
Si–Y–O–N and Si–Y–Al–O–N systems, respectively. It is noted that
the oxygen content decreases signiﬁcantly and there is a minor
increase in nitrogen as the amount of carbon content increases,
while the atomic ratios of Si and Y (or Al) are nearly constant.
Two important features for these samples in both Si–Y–O–N and
Si–Y–Al–O–N systems are as follows: (1) a large fraction of Si2N2O
exists in the as-sintered specimens without CRT; and (2) monolithic
Si3N4 without the presence of Si2N2O can be obtained when the
added carbon content is 3–4 wt% and over 4 wt% for the Si–Y–O–N
and Si–Y–Al–O–N systems, respectively.
As observed from the physical properties of the sintered bulks, it
is apparent that the process of CRT could transform a large portion
of silicon oxide into nitride, and might not eliminate yttria and
alumina from the system, and several other researchers have also
reported similar ﬁndings. For example, Hnatko et al. [16] revealed
that Y2O3 was  not involved in the carbon reduction reaction in the
Y2O3–SiO2–C system; Yokoyama and Wada [17] also noted that
Y2O3 and Al2O3 were more stable than SiO2 in the Si–Y–Al–O–N
system, leading to easy evaporation of SiO(g) from SiO or its rela-
tives. With regard to the CRT reaction, when SiO(g) coexists with
nitrogen, it readily forms Si3N4 at the appropriate calcination
8 A.C. Lee et al. / Journal of Asian Ceramic Societies 3 (2015) 6–12
Table 1
Designation, composition and physical properties of the Si3N4-based materials.
Samples Composition of additives (wt%) Apparent
density
(g/cm3)
Open
porosity (%)
-Si3N4
ratio (%)
Y2O3 Al2O3 C
SN(6Y0A0C) 6 0 0 2.93 0.17 11.0
SN(6Y0A2C) 6 0 2 3.19 0.40 70.2
SN(6Y0A3C) 6 0 3 3.26 0.07 100
SN(6Y0A4C) 6 0 4 3.22 0.75 100
SN(6Y0A5C) 6 0 5 3.06 1.52 89.5
SN(6Y8A0C) 6 8 0 3.02 0.07 40.4
SN(6Y8A2C) 6 8 2 3.09 0.14 62.2
t
N
p
p
a
(
t
r
c
F
t
S
(
a
sSN(6Y8A4C) 6 8 4 
SN(6Y8A6C) 6 8 6 
SN(6Y8A8C) 6 8 8 
emperature [10]. It is thus likely that the elements of Si, O, and
 are active species, whereas those of Y and Al are inert in the
resent system. The formation of Si2N2O may  be attributed to the
resence of a large amount of oxygen in the starting powders. After
 suitable CRT process has been carried out, the nitrogen-to-oxygen
N:O) ratio increases in the whole ceramic compact system, and
he chemical composition in the phase diagram shifts toward the
egion where the composition is rich in Si3N4.
The typical microstructures of the developed Si3N4-based
eramics are presented in Fig. 3. The matrix is comprised of etched
ig. 1. XRD patterns of the prepared samples including Si3N4–Y2O3–SiO2 sys-
ems (a) SN(6Y0A0C), (b) SN(6Y0A2C), (c) SN(6Y0A3C), (d) SN(6Y0A4C), (e)
N(6Y0A5C), and Si3N4–Y2O3–Al2O3–SiO2 systems (f) SN(6Y8A0C), (g) SN(6Y8A2C),
h) SN(6Y8A4C), (i) SN(6Y8A6C) and (j) SN(6Y8A8C). The samples were sintered at
 sintering temperature of 1700 ◦C for 3 min  with a heating rate of 100 ◦C/min in
park plasma sintering.3.19 0.05 100
3.23 0.12 100
3.26 0.11 100
Si3N4 or Si2N2O-based grains and a continuous intergranular ﬁlm,
which is amorphous or highly disordered. Microstructural observa-
tions of samples with different chemical compositions show that
grain size of Si3N4 or Si2N2O decreases along with the N:O ratio
and the existence of Al2O3. Based on the results of XRD, EPMA and
SEM, it would appear that altering the chemical composition of
the as-received nanopowders by the CRT process may prevent the
formation of the Si2N2O phase and suppress grain growth of Si3N4.
3.2. Nitridation behaviorIn order to understand the effects of chemical composi-
tion on phase development and microstructures, the four fully
densiﬁed specimens were chosen, i.e. SN(6Y0A0C), SN(6Y0A3C),
Fig. 2. Composition of the sintered bulks after CRT as a function of carbon content
determined by EPMA.
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Fig. 4. BF/TEM image of specimen SN(6Y0A0C) showing that large, elongated grains
are  embedded in a ﬁner grained matrix; the sample was  sintered at 1700 ◦C for 3 min
with  a heating rate of 100 ◦C/min in vacuum. Note that the large and edged grain A
is  Si2N2O with a zone axis of [0 0 1], while the smaller and rougher grain B is Si3N4ig. 3. Representative SEM images of the polished and etched surfaces of the devel-
ped monolithic Si3N4 and Si3N4/Si2N2O composites.
N(6Y8A0C) and SN(6Y8A6C). Fig. 4 presents the TEM micrograph
f SN(6Y0A0C), revealing the grain size and morphology of the crys-
alline phases. Most of the large, edged grains are Si2N2O, which
ave been identiﬁed by diffraction patterns and EDS (not shown
ere). One of the representative Si2N2O grains is at point A with
 zone axis of [0 0 1]. -Si3N4 is generally smaller and shows a
ounded morphology, just like the grain at point B with a zone axis
f [0 −1 1 1]. All of the crystallites are surrounded by an amorphous
lassy phase, indicative of liquid phase sintering. For the specimen
N(6Y8A0C), the grain size of Si2N2O is also slightly bigger than
hat of Si3N4 (the TEM results are not shown here). One similar-
ty between the two samples of SN(6Y0A0C) and SN(6Y8A0C) is
hat the microstructure of the orthorhombic phase is always larger
han that of the hexagonal one. This is probably because the higher
i2N2O nucleation barrier and fast diffusion of N and O atoms in the
iquid phase may  result in rapid Si N O growth [18].2 2
The nanopowder mixtures of (a) Si3N4/Y2O3 + 3 wt% C and
b) Si3N4/Y2O3/Al2O3 + 6 wt% C after CRT at a temperature of
400 ◦C for 10 h are designated as P(6Y0A3C) and P(6Y8A6C)with a zone axis of [0 −1 1 1].
hereafter, which are used for fabricating SN(6Y0A3C) and
SN(6Y8A6C), respectively. Fig. 5 shows the XRD patterns of (a)
P(6Y0A3C) and (b) P(6Y8A6C), where the - and -phases coexist
in both the treated nanopowders. The calculated ratios of / + 
are 28.73% and 93.48% for P(6Y0A3C) and P(6Y8A6C), respectively,
implying that the two nanopowder mixtures have different con-
version mechanisms.
A better degree of intermixing is one of the advantages of using
a nanopowder process along with high energy ball milling. SiO2
reduction initiates in the contact region of surface silica and car-
bon aggregates. The CRT reaction is enhanced due to the increased
contact area between silica and carbon. The nitridation kinetics of
synthesizing Si3N4 from carbon and silica are primarily inﬂuenced
by the particle size of active carbon and partial pressure of SiO(g) and
N2(g) at the localized region [10,19]. In more detail, Weimer et al.
[20] performed the chemical characterization of CRT powder, car-
ried out at various intermediate stages, and found that nucleation
and growth of - and -Si3N4 was via carbon-rich (Si–O–C) and
nitrogen-rich (Si–O–N) intermediates, respectively. Another view
of CRT, given by Vlasova et al. [21], suggested that the reaction pro-
ceeded through reconstruction of the active carbon particles by an
oxygen-defective silica melt along with implantation of nitrogen,
leading to generation of - and -Si3N4 on a large carbon nucleus
and carbon-deﬁcient area, respectively. It is noted that -Si3N4 is
10 A.C. Lee et al. / Journal of Asian Ceramic Societies 3 (2015) 6–12
Fig. 5. XRD patterns of nanopowder mixtures of (a) Si3N4/Y2O3 + 3 wt%  carbon black
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tation toughness, the CRT process contributes to eliminating the
weak Si2N2O phase and getting the best indentation toughness
of 6.73 MPa  m1/2 for SN(6Y0A3C); while in the Si–Y–Al–O–N sys-
tem, the toughness of SN(6Y8A6C) is slightly lower than that of
Table 2
Vickers’ hardness, indentation toughness, coefﬁcient of friction and wear rate of the
selected materials.
Samples Hardness
(GPa)
Indentation
toughness
(MPa m1/2)
Coefﬁcient of
friction
Wear rate
(mm3/N m)
−5nd  (b) Si3N4/Y2O3/Al2O3 + 6 wt% carbon black after being treated by CRT at 1400 ◦C
or 10 h.
ostly formed in carbon-sufﬁcient regions, while -Si3N4 often
ucleates near nitrogen-abundant environments.
In the present work it is speculated that the cause of the different
rystalline phases seen in the Si–Y–O–N and Si–Y–Al–O–N systems
ay  be their different nitridation mechanisms, probably result-
ng from the controlled chemical composition of the metal oxide
intering additives in the matrix, which determines the eutectic
emperature. According to the related phase diagrams, the eutec-
ic temperatures for Y2O3–SiO2 and Y2O3–Al2O3–SiO2 are 1550 ◦C
22] and 1340 ◦C [23], respectively. When P(6Y0A3C) is processed
t a calcination temperature of 1400 ◦C, all of the constituents in
he Si–Y–O–N system are expected to be in a solid state, and it
s likely that nucleation of Si3N4 takes place via gas-solid reac-
ion in a carbon-rich environment, promoting the formation of
-Si3N4. On the other hand, because the eutectic temperature in
he Si–Y–Al–O–N system is lower than 1400 ◦C, a small portion of
xide glassy melt is expected to form during CRT, probably con-
ributing to formation of -Si3N4 via a nitrogen-rich intermediate.
here is also another possibility, which is that the existence of low-
emperature glassy melt in the Si3N4 matrix would enhance the
ormation of -Si3N4 instead of the preferred -Si3N4 during CRT,
imilar to the effect of Fe2O3, CaO, TiO2, and so on [24,25].
Fig. 6 shows the distributions of the surface areas of etched
rains as a function of grain width, based on the results of image
nalysis. Except for SN(6Y0A0C) with bimodal distribution, all of
he specimens show a broad normal distribution. The results of
mage analysis for the Si–Y–O–N and Si–Y–Al–O–N systems are
ummarized in the inset of Fig. 6(a) and (b), respectively. The appar-
nt grain length and grain width after statistical analysis of the
amples produced via CRT are signiﬁcantly smaller than those for
pecimens without treatment, suggesting that the incorporation of
arbon black followed by the CRT process decrease the fraction of
i2N2O, which has a fast grain growth speed. With regard to the
ffect of sintering aids on the microstructure development of sin-
ered bulks, the grain size of SN(6Y0A3C) is greater than that of
N(6Y8A6C). Emoto and Mitomo [26] found that the grain growth
riving force is associated with the difference in the solubility of
i3N4 particles in the interfacial liquid phase. An -grain dissolves
ore readily into the melt than a -grain, leading to grain coars-
ning with a high aspect ratio [26]. This is probably a result of the
igher / +  ratio of 71.27% within P(6Y0A3C), contributing to a
aster  →  transformation and anisotropic grain growth at their
ensiﬁcation temperatures; while Al-containing Si3N4 materialFig. 6. Distribution of surface area as a function of grain width in the selected
materials with different chemical composition.
with the -phase fraction of 93.48% within P(6Y8A6C) tends to pro-
mote more isotropic growth (as observed from SEM), even though
its liquid phase fraction is higher.
3.3. Mechanical properties
The room-temperature properties of the selected materials are
summarized in Table 2. The effect of CRT on mechanical proper-
ties is substantial. With regard to hardness, a value of about 17 GPa
of SN(6Y0A3C) is comparable to that of SN(6Y8A6C) and is higher
than those of ∼14 GPa of Si3N4 composites containing Si2N2O for
SN(6Y0A0C) and SN(6Y8A0C), presumably due to the ﬁner grain
hardening or greater hardness of -Si3N4 (33 GPa) than that of
orthorhombic Si2N2O (19 GPa) [27]. On the other hand, as for inden-SN(6Y0A0C) 14.04 ± 0.25 5.52 ± 0.35 0.633 ± 0.044 4.07 × 10
SN(6Y0A3C) 17.06 ± 0.11 6.73 ± 0.24 0.707 ± 0.085 2.16 × 10−5
SN(6Y8A0C) 14.29 ± 0.19 4.75 ± 0.19 0.756 ± 0.034 4.93 × 10−5
SN(6Y8A6C) 17.92 ± 0.16 4.52 ± 0.32 0.689 ± 0.033 4.28 × 10−5
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N(6Y8A0C), due to the insigniﬁcant inﬂuence of grain bridging by
arger grains embedded in the matrix [28,29]. The values of the coef-
cient of friction are similar for all of the samples, and the improved
ear rate for SN(6Y0A3C) is almost 50% less than the other samples.
Fig. 7 shows the images of wear scars for (a) SN(6Y0A0C),
b) SN(6Y0A3C), (c) SN(6Y8A0C), and (d) SN(6Y8A6C). It can
e observed that the surface morphologies for SN(6Y0A0C) and
N(6Y8A0C) are signiﬁcantly rougher than those for the speci-
ens produced via CRT process. It seems that the wear behavior
f Si3N4 containing Si2N2O can be explained by the lateral frac-
ure mechanism, in which the wear rate is inversely proportional
o H5/8 and K1/2IC (H and K1c represent hardness and indentation
oughness, respectively) [30]. The abrasive wear by grain pull-out
f large amounts of Si2N2O may  take place, leading to rough con-
acting surfaces [3]. In contrast, the wear scars of both SN(6Y0A3C)
nd SN(6Y8A6C) with ﬁner grain size show relatively smooth sur-
aces, suggesting that a layer of hydroxilated silicon oxide is formed
hrough the tribochemical reaction and this kind of tribo-wear
ominates the material removal process [31].
Kim et al. [3] indicated that the wear rate is reduced with
ecreasing grain size for the dense, monolithic ceramics, and the
nﬂuence of a protective tribo-ﬁlm on the enhanced wear resis-
ance of ultraﬁne-grained ceramics is effective in the Si–Y–Al–O–N
ystem. As observed from Fig. 7(b), a similar tribo-ﬁlm appeared
n the contacting surfaces of SN(6Y0A3C), suggesting that the tri-
ochemical reaction is also valid in Si–Y–O–N system. However,
hen comparing the wear resistance of SN(6Y8A6C) to that of
N(6Y0A3C), the former, with a ﬁner grain size, is weaker than
he latter. This is probably because the intrinsic properties of the
lassy phase in the Si–Y–O–N system, such as the Young’s modu-
us and fracture toughness, are expected to be higher than those
f the Si–Y–Al–O–N system [32], which help to dissipate impact
nergy and lessen wear damage beneath the tribo-ﬁlms. Although
he present results seem to contradict Kim et al.’s conclusions, it
an be deduced that the properties of the large fraction of the grain
oundary phase with a different chemical composition, rather than0A3C), (c) SN(6Y8A0C), and (d) SN(6Y8A6C) contacting surfaces.
average grain size of Si3N4, may  inﬂuence the material removal
process.
4. Conclusion
Two  commercially available Si3N4 nanopowders doped with
controllable oxide additives were used in this study. Intermixing
Si3N4 and carbon black nanopowders via high energy ball milling
can effectively improve the contact between reactants and reduce
the reaction path length. Carbothermal reduction treatment (CRT)
was introduced at a calcination temperature of 1400 ◦C for 10 h in
nitrogen ﬂow. It was  found that amorphous Si3N4 transformed to -
and -Si3N4 dominated phases in the Si–Y–O–N and Si–Y–Al–O–N
systems after CRT, leading to coarser grains in the former. The
monolithic Si3N4 doped with Y2O3 exhibited the best mechani-
cal performance compared with the materials containing Si2N2O
or Al2O3, because of the existence of tribo-ﬁlms. The results of the
present study show that control of the microstructure and wear
behavior in Si3N4 nanoceramics can be achieved by tailoring the
chemistry of the intergranular glassy phase through a CRT pro-
cess and a rapid heating technique for the production of suitable
composite nanopowders.
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